Biologically active bovine luteinizing hormone (LH) has been obtained through expression of the a-and LH (-subunit genes in stably transformed clones of DUXB11, a Chinese hamster ovary cell line deficient in dihydrofolate reductase (DHFR). Expression of a-and LH (-subunit mRNAs of the expected sizes (m910 and 770 nucleotides, respectively) were revealed by blot analysis after electrophoresis of total cellular RNA. Furthermore, presence or absence of the gonadotropin mRNAs in several clonal lines was directly correlated with the appearance of one or both bovine LH subunits in the culture medium. Media from three clones secreting significant immunoreactive levels of both subunits also stimulated the release of progesterone in ovine luteal cells, suggesting that the secreted LH was assembled into a biologically active and glycosylated dimer. Immunoprecipitation and NaDodSO4/PAGE of [3SSmethionine-labeled proteins secreted from one of the clones, CHODLH20, further confirmed the presence of an a/P dimer with apparent subunit molecular weights of 20,500 and 16,000, only slightly higher than those of pituitary a and LH P subunits.
NaDodSO4/PAGE of [3SSmethionine-labeled proteins secreted from one of the clones, CHODLH20, further confirmed the presence of an a/P dimer with apparent subunit molecular weights of 20,500 and 16,000, only slightly higher than those of pituitary a and LH P subunits.
Luteinizing hormone (lutropin, or LH) is a member of the glycoprotein hormone family, which consists of the pituitary gonadotropins, LH and follicle-stimulating hormone (FSH), chorionic gonadotropin (CG) , and thyroid-stimulating hormone (thyrotropin, or TSH). The hormones are structurally similar, consisting of an a subunit, common to all four proteins, and a unique, noncovalently associated (3 subunit which confers receptor specificity and biological activity (1) .
Regulation of synthesis and secretion of the glycoprotein hormones, including the gonadotropins, is among the most complex for any polypeptide hormone (1) . Even though the genes encoding the a and LH P subunits are unlinked, recent evidence suggests that their expression is coordinately regulated (2, 3) . After translation from separate mRNAs, the gonadotropin subunits rapidly combine in the endoplasmic reticulum and undergo several posttranslational modifications prior to transit through the Golgi apparatus and subsequent storage in secretory granules (4, 5) . Secretion of the mature gonadotropins is regulated by gonadal steroids and gonadotropin-releasing hormone. To begin to explore the requirements for assembly and regulated secretion of LH in more detail, we have placed transcriptionally functional copies of the bovine a-and LH P-subunit genes [16.5 and 1.1 kilobase pairs (kbp), respectively (6, 7)] into a Chinese hamster ovary cell line by DNA-mediated gene transfer (8, 9) . Clones gle)] supplemented with 5% fetal bovine serum, 2 mM glutamine, nonessential amino acids, hypoxanthine, thymidine, and unlabeled methionine at 1.5 ug/ml (1/10th of the usual MEM level). Immunoprecipitation of the medium was performed by a 4-hr incubation at 37°C with 4 j1 of antiserum followed by addition of 10 j4 of Pansorbin cells (10%o, vol/vol). Pellets were resuspended and denatured in sample buffer containing 8 M urea, 10%o (vol/vol) glycerol, 1% NaDodSO4, 1% (vol/vol) 2-mercaptoethanol, 50 mM Tris HCl (pH 7.5), and 0.02% bromphenol blue, boiled for 5 min, and subjected to electrophoresis in 20%o polyacrylamide gels containing 0.1% NaDodSO4 (13) . Radioactive proteins were subsequently detected after impregnation of gels with EN3HANCE (New England Nuclear).
Bioassay of Bovine LH. Corpora lutea were collected from superovulated ewes on day 10 of the estrous cycle, dissociated into single cells, and elutriated to obtain a population of small (<22 ,um) steroidogenic cells (14) . The small luteal cells splice syn splice site were plated (105 cells per plate) in Dulbecco's modified Eagle's medium containing 5% ram serum and then were incubated overnight at 370C. The next day, 100 ul of the CHODLH clone medium samples (diluted to 3 ml with luteal cell medium) were applied to washed luteal cells for 3 hr. The incubation medium was collected and the quantity of progesterone secreted was determined by radioimmunoassay (15) . Data were evaluated by analysis of variance. Differences between treatment means were determined by Tukey's "honestly significant difference" procedure.
RESULTS AND DISCUSSION
The plasmid vector pDSVa was constructed so that expression of a truncated bovine a-subunit gene was driven by the simian virus 40 (SV40) late promoter (Fig. 1) . The a-subunit gene sequence employed was an 8.7-kbp genomic BamHI fragment (3) that encompassed the 3' half of the first intervening sequence, the ATG initiation codon, and all of the amino acid coding sequences (exons 2-4). To ensure correct processing of the 3' half of the first intron, the vector contained a synthetic fragment carrying a consensus splicedonor site separated from the late SV40 polyadenylylation signal by a unique BamHI cloning site; the a-subunit gene segment was inserted at this location in the plasmid (Fig. 1) . The vector was also designed to contain the mouse DHFR minigene (11), isolated from the plasmid pMG1 (generously provided by R. Schimke), for use as a selectable marker. Following transfection into an appropriate DHFR-cell line such as DUXB11, only DHFR' transformants can grow in culture medium deficient in hypoxanthine and thymidine (11) . Since the a gene was linked to the DHFR gene within the same plasmid, a high rate of DHFR', a-subunit' transformants was anticipated.
The bovine LH (3-subunit expression vector, pSV2LH,B, contained the entire (3-subunit gene (including the RNA cap site and TATAA sequence) located on a 1.8-kbp Pst I genomic fragment (7) . The gene was ligated into a unique HindII site in the parent vector pSV2CAT (kindly provided by B. Howard; see ref. 16 ). The final construct consisted of the LH (3-subunit gene juxtaposed between the SV40 early promoter/origin of replication and the bacterial chloramphenicol acetyltransferase (CAT) gene (Fig. 1) .
To obtain cell lines secreting biologically active bLH, we cotransfected DUXB11 cells with pDSVa and pSV2LHB and selected for DHFR' transformants. Among the surviving clones, a few DHFR', a-and I3-subunit' transformants were anticipated which would be capable of synthesis and assembly of the gonadotropin subunits into dimeric, biologically active hormone. A total of 41 DHFR' transformants were detected; 30 were successfully expanded as clones. Of these, 3 (CHODLH or LH1, LH20, and LH29) secreted significant levels of both a and LH 1 subunits, 14 secreted only /3 subunit, 3 produced a subunit alone, and 10 did not secrete detectable levels ofeither subunit as measured by RIA (Table  1) . Because subtle differences in the presentation of the LH subunit epitopes (free subunit versus subunit present in dimer; recombinant bovine subunit from CHO cells versus bovine pituitary subunits) to the antisera used in these studies is a possibility, the data presented in Table 1 are qualitatively, but not necessarily quantitatively, valid.
To further verify that the bovine a-and LH ,/3subunit genes were transcribed, total cellular RNA was isolated from the a/13-subunit-cosecreting clones (LH1, LH20, and LH29), an a-subunit-secreting clone (LH28), and an LH /-subunitsecreting clone (LH25). The isolated RNA was subjected to electrophoresis and blot analysis with cDNAs specific for either the a or the / subunit of bovine LH (Fig. 2) for sample denaturation and NaDodSO4/PAGE, dimeric LH protein dissociates into a and /3 subunits. Antiserum directed against bovine a subunit precipitated two proteins (Mr 20,500 and 16,000) that comigrated approximately with 1251-labeled standards of bovine a and LH /3 subunits (Mr 17,000 and 15,000). Both 35S-labeled polypeptides were completely displaced from the immunoprecipitate by an excess (10 pAg) of unlabeled a subunit (Fig. 3, lane 2) , but neither was displaced by the same amount of unlabeled /3 subunit (lane 3). This observation suggests that the a-subunit antiserum reacted either with two molecular weight forms of immunoreactive a subunit or with an a/,/ dimer through antigenic determinants on the a subunit. The latter hypothesis is more likely, since cell lines secreting only a subunit produce a protein that migrates as a single band at Mr 20,500. In addition, pSV2LH/-transfected COS-1 cells and the cell lines LH6 and LH25 produce a single protein that is specifically precipitated with /3-subunit (but not a-subunit)-directed antisera (data not shown) and that is of the same apparent Mr as the putative P subunit (16, 000) found in the LH20 immunoprecipitate obtained with antiserum to a subunit.
Antiserum directed against bovine LH /3 subunit also precipitated two proteins, which were ofthe same Mr as those in the anti-a-subunit immunoprecipitate (Fig. 3, lane 4 1 and 3 (Fig. 3) . No specific immunoprecipitate was observed in the medium obtained from the nontransformed DUXB11 cells (data not shown). Although it is likely that assembly of the a/(3 heterodimers occurs intracellularly, we cannot presently rule out the possibility that assembly of the subunits occurs after their secretion into the culture medium. In addition, from the relative intensity of the a-subunit band with respect to the LH (-subunit band in lanes 1 and 3 of Fig.  3 , it is tempting to infer that clone LH20 secretes an excess of a subunit. However, the immunoprecipitation data stand in contrast to the data obtained by RIA (Table 1) and RNA blot hybridization (Fig. 3) , which indicate that LH ,B subunit is in excess of the a subunit.
The apparent increase in molecular weight of both subunits when expressed in the Chinese hamster ovary cell line, compared to those expressed in the bovine pituitary, may represent differences in carbohydrate modifications. Ramabhadran et al. (17) have reported the secretion of an unexpectedly larger human a-subunit protein after transfection of the gene into mouse cells. Furthermore, the pituitary gland has the unusual capacity to attach sulfate groups to the terminal N-acetylglucosamine residues of the N-linked oligosaccharides present in bovine LH (18) ; Chinese hamster ovary cells quite likely lack this capacity. Thus, the apparent difference in molecular weight between bovine LH synthesized in Chinese hamster ovary cells or in bovine pituitary may reflect differences in carbohydrate structures.
To determine whether the dimeric proteins produced by LH-secreting cell lines were biologically active, we analyzed samples of culture media for their ability to stimulate secretion of progesterone by ovine luteal cells. The three cell lines that elaborated measurable levels of both a and LH 13 subunits (LH1, LH20, and LH29) also displayed significant levels of LH biological activity in their culture media ( Table  1) . None of the other cell lines secreted biologically active LH (Table 1 and data not shown). These data suggest that the bovine LH synthesized in the hamster cells must be glycosylated, since deglycosylated LH (19) (20) (21) (22) has been shown to lack biological activity. Subsequent analysis of proteins from cells metabolically labeled with [3H]glucosamine has confirmed this conclusion (data not shown).
Others have reported expression of biologically active heterodimers after microinjection of mRNA prepared from a hybridoma cell line secreting a specific monoclonal antibody (23) and after transfer of immunoglobulin genes into various lymphoid cell lines (24, 25) . In this study, heterologous cells have been used as recipients for two unlinked genes, whose expression resulted in the elaboration of a biologically active, heterodimeric polypeptide hormone.
After this work was completed, Reddy et al. (26) reported the expression of biologically active hormone after infection of monkey cells with a recombinant SV40 containing linked human chorionic gonadotropin genes.
